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Abstract
The implementation of natural and artificial proteins with designer properties and functionali-
ties offers unparalleled opportunity for functional nanoarchitectures formed through self-assembly.
However, to exploit the opportunities offered we require the ability to control protein assembly into
the desired architecture while avoiding denaturation and therefore retaining protein functionality.
Here we address this challenge with a model system of fluorescent proteins. Using techniques of
self-assembly manipulation inspired by soft matter where interactions between components are con-
trolled to yield the desired structure, we show that it is possible to assemble networks of proteins
of one species which we can decorate with another, whose coverage we can tune. Consequently,
the interfaces between domains of each component can also be tuned, with applications for exam-
ple in energy transfer. Our model system of fluorescent proteins eGFP and mCherry retain their
fluorescence throughout the assembly process, thus demonstrating that functionality is preserved.
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Complex, hierarchical, long-range ordered materials with building blocks at the nano– and
micro–scale can be obtained by controlling self-assembly, through careful manipulation of
the interactions between the assembling components. If the constituents of such structures
present optical, magnetic, electric, chemical or biological properties, then the assemblies
formed hold great potential for a myriad of applications in a great variety of fields, including
photonics, energy transfer and storage, magnetic levitation, catalysis, drug delivery, tissue
scaffolding, cancer treatment and gene transfection. [1–5]. Perhaps the greatest source of
inspiration for the design and construction of functional materials at the nanoscale is nature
itself. The exquisite level of complexity, specificity, efficiency and sophistication of nature’s
structures makes their building blocks (proteins, polymers, nucleic acids, carbohydrates and
lipids) an attractive possibility to be exploited for new devices. Of these building blocks,
proteins exhibit the largest diversity of structures and functions and thus have the greatest
potential to be exploited as the functional components for novel nanostructured materials
[2–7]. They are capable of carrying out structural, catalytic, transport, packaging, optical,
specific recognition, electrical, information storage and metabolic functions [2, 3].
Like colloidal suspensions, protein solutions may be stable or, if the interactions between
the proteins are suitably controlled, they exhibit aggregation, gelation and crystallisation
[8–11]. In nature, aggregation is often avoided, so that proteins will form a condensed phase
only if (i) they have evolved to do so (i.e. viral capsids), if (ii) mutations lead to mis-folding
or to interactions that produce aggregation (i.e. Alzheimer’s disease), or if (iii) changes
in the medium (i.e. ionic strength or massive changes in temperature or pH) are induced
[9, 11, 12] so that in the latter two scenarios, the proteins lose their functionality.
By driving assembly in a controlled fashion, it is possible to generate architectures at the
nanoscale, which may be subsequently functionalised. An example of the latter structures
are gels, where the components (colloids or proteins) are partly associated or interconnected
with each other through chemical or physical links, forming ramified amorphous percolat-
ing networks [13–15]. However, unlike most gels found in nature, here we aim to produce
new complex and functional gel networks with a binary system in which the domain size of
each species can be controlled [16]. By incorporating multi-enzyme cascades, light harvest-
ing arrays and electron transfer proteins, such multicomponent networks hold potential as
advanced materials for catalysis, energy transduction and nanoscale electronics.
While so-called bigels of two distinct unconnected networks have been produced with
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FIG. 1. Strategy to yield decorated protein networks. Specific interactions of trivalent ions and pro-
tein surface modification (cationisation) are exploited to provide and control the specificity of protein-salt
interactions to yield two-step decorated gel with distinguishable protein domains.
colloids [17] and (denatured) proteins [18], here our focus is on a single network of two
components, where we can control the assembly such that the domain size and hence the
interfaces between domains can be tuned. In particular, we aim to self-assemble decorated
gel networks formed by distinguishable protein domains, where these preserve their native
(and functional) structure. The fluorescent proteins enhanced green fluorescent protein
(eGFP) and mCherry were chosen as the model system due to the ease of monitoring the
assembly process and retention of protein function with optical microscopy.
To assemble these structures, we exploit the effects of salts on protein solutions [10, 19–
22] based on specific salt-protein interactions. Trivalent ions have been shown to selectively
interact with the surface-exposed carboxylic groups of the acidic residues of the proteins,
which in turn, produces gelation or crystallisation [23–26]. Thus, by effectively modifying
the surface of the proteins, we provide the specificity required to gain control over the
interactions that lead to gelation as shown in Fig. 1. Once we determined the response of
the interactions to control parameters such as salt concentration, we show that control over
protein-salt interactions allowed tuning the primary gel coverage with the secondary protein
and the sizes of protein domains within the gel structure.
To our knowledge, these are the first structures where both the gel components retain
functionality, i.e., retain their native state, and where control over their size within the gel
is possible. As such, the strategies proposed herein represent a promising route to yield a
new type of functional biomaterial.
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METHODS
The fluorescent proteins eGFP and mCherry were obtained through bacterial expression
in E. coli, followed by cell separation, cell lysis and centrifugation. The proteins where further
purified using Ni-NTA affinity chromatography. To gain better control over protein-salt in-
teractions, mCherry was cationised through the addition of hexamethylendiamine (HMDA)
and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to a native protein solution in
order to change the negative charge of the native protein to a positive one, without affecting
its functionality. We obtained the decorated networks following the methodology shown in
Fig. 1. Briefly, a primary gel of native eGFP is formed by adding yttrium chloride. Then, we
add ammonium sulphate to precipitate cationised mCherry. Different concentration ratios
of native eGFP and cationised mCherry were tested. The structures were immediately char-
acterised using confocal laser scanning microscopy. Finally, image analysis was performed
to quantify the size of individual protein domains within the decorated gel.
RESULTS
We present our results over three main sections. The first corresponds to increasing the
specificity of protein-salt interactions to gain sufficient control over the gelation process. We
then proceed to assemble the desired structures following the two-step addition of native and
modified proteins to different salts. Finally, we implement our strategy to tune the protein
domain sizes within the gel.
Increasing Specificity of Protein Interactions: Designing the Protein System
To prevent non-specific interactions between the salts and the proteins, we require high
protein-salt specificity. We followed the work of Zhang and coworkers, who investigated
specific interactions between trivalent salts and the acidic residues of globular proteins [25].
In particular, we tested different concentrations of iron chloride (FeCl3) and yttrium chloride
(YCl3) with eGFP and mCherry. For iron chloride we observed protein denaturation (Fig.
S1), likely due to a pH decrease produced by the acidic Fe3+ ion [25]. For YCl3, the results
are illustrated in Fig. S2 a where eGFP forms gels readily whilst retaining its fluorescence,
and thus, its native structure. For mCherry, only clusters of the fluorescent protein were
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observed (Fig. S2 b). In agreement with previous work on BSA [23], re-entrant solution
was observed for mCherry at 5 mM YCl3. We therefore proceed with YCl3 to assemble the
eGFP into a network.
These studies on trivalent cations have also shown that proteins with positively charged
surfaces do not gel regardless of the particular salt and concentration used [23]. By cationis-
ing mCherry we prevent its interaction with YCl3 and further increase the selective interac-
tions of this salt with our system components. We determined the protein ζ-potential after
cationisation and we did observe a charge inversion for the cationised protein (ζcat−mCherry
= +9.3 mV) from its native negative counterpart (ζmCherry = -7.0 mV).
We continued to test if we have effectively “blocked” the interaction between YCl3 and
the protein. To do this, we mixed solutions of cationised mCherry against the same concen-
trations of salts as for the native proteins. We did not observe any gelation for the cationised
protein at any concentration tested, as shown in Fig. S3 a. Finally, we investigated whether
the addition of positive charges to the protein affected its gelation with ammonium sulphate,
(NH4)2SO4. The Hofmeister Series, classifies salts based on their to stabilise or de-stabilise
protein solutions [21]. Ammonium Sulphate precipitates proteins via non-specific preferen-
tial solvation and as such, is widely used for protein purification, precipitation and storage
protocols [21, 22, 27]. To destabilse cationised mCherry, we added 3 M of Ammonium Sul-
phate to a 8 mg/mL solution of the protein. Images of the results obtained are shown in
Fig. S3 b where the cationised protein formed gel structures without disrupting the protein
conformation.
We thus obtained a system where native eGFP forms a gel through specific interactions
with YCl3, whereas cationised mCherry does not. However, the latter still gels readily with
(NH4)2SO4. We used these specific and differential interactions to yield the decorated gels.
Two-step formation of decorated protein network
Previous investigations of protein precipitation have found that the presence of a protein
undergoing gelation might trigger co-gelation (i.e. co-precipitation) of other oppositely
charged proteins in solution, due to complex interactions between the species [28]. Although
the surface charge of our proteins is of only a few eC (-1.46 eC for eGFP and +2.71 eC for
cationised mCherry), in order to prevent such co-gelation between them, we decided to first
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FIG. 2. Confocal images of individual and decorated eGFP and cationised mCherry gels. (a) Native
eGFP gel formed through the addition of yttrium chloride. (b) Cationised mCherry gel formed by adding
ammonium sulphate. (c-d) Confocal images of the expected decorated gel networks with distinctive native
eGFP (green) and cationised mCherry (red) domains. Native eGFP and was mixed on its own with yttrium
chloride to form a gel. Ammonium sulphate is added followed by cationised mCherry. Scale bars = 10 µm.
form a gel with the native protein and YCl3. We then added (NH4)2SO4 to gel cationised
mCherry, which we added at last, as illustrated in Fig. 1.
The results of this strategy are shown in Fig. 2 a and b, where the desired decorated
gel structures were successfully obtained. In Fig. 2 we can clearly distinguish green and
red-only domains (native eGFP and cationised mCherry, respectively), which indicate that
they are solely composed of one of the proteins. Thus, the strategy proposed successfully
produced decorated gels, with distinctive protein domains where both components have kept
their functional structure. However, there are still large yellow areas (overlay of green and
red channels), which indicate that cationised mCherry deposited directly on the surface of
the preexisting native eGFP gel, areas which we will refer as “mixture” in the following
sections. Both observations are clearer at higher magnifications (Fig. 2 b).
We further confirmed that the strategy followed above to increase salt-protein specificity
is indeed required to yield the decorated structures. We mixed native eGFP and mCherry
solutions and added several (NH4)2SO4 salt concentrations. The results are shown in Fig.
S5. No gelation occurs before 1 M of (NH4)2SO4, and we only start observing small clusters
formed solely by eGFP up to 1.5 M of (NH4)2SO4. However, we start observing co-gelation
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FIG. 3. Comparison of the distribution of the percentages of individual regions of cationised mCherry
(a), native eGFP (b) and coated gel (c) in the bi-network when the native eGFP: cationised mCherry
concentration ratio of the proteins is varied from 1:1 (pink), 2:1 (purple), 5:1 (blue) and 10:1 (turquoise).
(d) and (e) Comparison of the distribution of the domain area size of individual regions of native eGFP
(b) and cationised mCherry (e) in the decorated gels. The native eGFP: cationised mCherry concentration
ratio is varied as in (a). (f) Cationised mCherry competition between depositing directly on the pre-existing
eGFP gel or forming clusters before their deposition.
of the proteins at 1.6 M (NH4)2SO4, where the proteins are undistinguishably mixed on the
lengthscales we access. This is more evident as the salt concentration increases. Full protein
co-gelation is observed at 3 M of (NH4)2SO4. Both proteins retained their fluorescence
yielding functional binary gels formed by a mixture of both proteins, as they appear yellow,
with no domains of individual proteins clearly identified.
Tuning the coverage of primary eGFP gel with cationised mCherry
Having assembled the desired architecture, we then tested whether we could control the
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coverage of the native eGFP gel and the domain sizes of the regions with individual native
eGFP and cationised mCherry. To do this, we decreased the concentration of cationised
mCherry to a half, a fifth and a tenth of the eGFP concentration, which was kept at 4
mg/mL. We hypothesise that changes in these values might provide an indication of which
of the interactions is preferred as follows: if the amount of regions identified as cationised
mCherry increases or remains the same as the quantity of this protein is reduced, it might
suggest that there is a slight preference for intra-protein interactions. On the contrary,
if the gel coverage augments as less cationised mCherry is added, then the inter-protein
interactions are preferred.
Figure 3 a-c show the results obtained, where Fig. 3 a corresponds to the different per-
centages according to the different ratios tested for cationised mCherry, Fig. 3 b corresponds
to native eGFP, whereas Fig. 3 c corresponds to the gel coverage. The different native eGFP
and cationised mCherry ratios 1:1, 2:1, 5:1 and 10:1 are coloured in pink, purple, blue and
turquoise, respectively. Unexpectedly, as we decreased the amount of cationised mCherry,
so did the percentage of uncovered native eGFP gel (Fig. 3 b), whereas the percentage of
covered gel increased (Fig. 3 c). No significant differences are observed between 5:1 and 10:1
ratios of protein concentration (Fig. 3 a-c blue and turquoise colours). Although a similar
trend to “free” native eGFP is observed for cationised mCherry, it seems that there are also
not significant differences between 1:1 and 2:1 ratios (Fig. 3 a pink and purple colours). This
is surprising as, according to the other two analysed conditions, more cationised mCherry
is covering the prexisting gel at 2:1 ratio, and thus the sizes of cationised mCherry re-
gions should have been reduced at this condition too. We infer that the coverage of the
gel by cationised mCherry is more extended but thinner. An equally extended but thinner
cationised mCherry layer might also explain why there are no significant differences between
the 5:1 and 10:1 ratios (Fig. 3 a, blue and turquoise columns). We believe this may be due
to competition between cationised mCherry directly deposition on top of the pre-existing
eGFP gel, and the formation of cationised mCherry clusters before their deposition on the
primary gel, as illustrated in Fig. 3 f.
Lastly, we measured the sizes of only the native eGFP and cationised mCherry domains to
see if their distribution also changed with the different ratios of protein concentration tested.
To do this analysis, the neighbours of pixels already identified as a domain type were counted
and the number of pixels per domain was obtained. The histograms with the distribution
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results are shown in Fig. 3 d and e, where Fig. 3 d shows the size distribution of native
eGFP domains, and Fig. 3 e shows the correspondent histograms for cationised mCherry.
The plots show that the amount of small areas is higher for cationised mCherry than for
native eGFP, and that more areas with sizes above ∼ 8 µm are observed for latter. For this
protein, we observe that the size distribution is smaller as the amount of cationised mCherry
is decreased. This decrease in both number and size of native eGFP domains is more evident
for the 5:1 and 10:1 ratios (blue and turquoise colours, respectively) as compared to equal
amounts (pink) of protein and the 2:1 ratio (purple) (Fig. 3 d). This coincides with the
suggestion that we obtain a larger gel coverage as the amount of cationised protein added
is reduced. However, this trend is not clearly observed for cationised mCherry domains. It
only seems that there is a smaller size distribution when the concentration of this protein
is reduced 10-fold (turquoise), since the distribution for the rest of the concentrations looks
similar, as shown in Fig. 3 e. Thus, although the actual coverage of the pre-existing gel
might be manipulable, the actual size of the individual protein domains of the second protein
does not seem to be so with our current proposal.
DISCUSSION
By tuning interactions in a two-component model system of proteins, we have obtained
a considerable degree of control over their self-assembly. In particular, using the fluorescent
proteins eGFP and mCherry as the model system allowed the identification of the conditions
that preserved or affected their native structure, which is essential for future applications of
biomaterials based on this principle.
When using the trivalent salt yttrium chloride, which exhibits high protein-ion specificity,
percolating gels were obtained for native eGFP at yttrium chloride concentrations as low
as 2 mM. However, for native mCherry only clusters were identified and the protein seemed
to undergo reentrant solution at yttrium chloride concentrations above 5 mM, consistent
with previous observations [23–25], where the gelation of proteins with trivalent salts only
occurred within a window of concentrations. Outside that range, the proteins were in so-
lution. The studies suggested these could be due to a saturation of metallic cations in the
surface of the protein, which leads to a charge inversion, making the proteins stable again
and thus they re-entrant solution [23–25]. A similar saturation effect could take place with
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mCherry. However, this outcome is surprising both proteins present the same amount of
acidic residues that interact with the trivalent ion Supplementary Table S1. A possible fac-
tor for the difference in the behaviour could be the number and surface distribution of the
carboxylic groups, which might facilitate faster surface saturation or prevent proper bridging
with the metal ions [24]. Further studies on the charge distribution of mCherry and their
spatial interactions with yttrium cations are necessary for a better understanding.
As a result, we devised an experimental approach where cationisation of mCherry was
conducted to prevent its gelation with yttrium chloride and hence gain more control over the
protein-salt interactions. This reaction successfully modified the net charge of the protein
from negative to positive and the gelation of the cationised protein with yttrium chloride
was effectively avoided. However, the non-specific interactions with ammonium sulphate
were not affected and cationised mCherry gelled readily with this salt.
The desired bi-networks were obtained by a two-step protein addition. Firstly, a primary
gel of eGFP was formed through the addition of yttrium chloride. Secondly, ammonium
sulphate was added followed by cationised mCherry, which formed a gel on top of the
pre-existing native eGFP structure. This coverage was not homogenous and thus individ-
ual protein domains of both native eGFP and cationised mCherry were clearly identified
throughout the structure. Furthermore, coverage of the primary gel formed by native eGFP
was easily manipulated by decreasing the amount of cationised mCherry added.
Choosing salts with specific protein interactions and the modification of the surface of the
proteins carried out above were essential for the successful decorated network formation, as
only mixed gel networks were obtained when the proteins were gelled together with different
concentrations of ammonium sulphate, and no individual regions of each species were clearly
distinguished. This could be due to non-specific interactions between the proteins and the
salt, as well as the intrinsic similarities between eGFP and mCherry. Indeed, the isoelectric
point and acidic surface residues of the two proteins are similar and only a few salt (Ca+2 and
SO−24 ) and polymer (PEG) specific sites are present in eGFP, as shown in Supplementary
Table II . One of these is a site for a sulphate group, which might explain why this protein gels
before mCherry. Such protein similarity suggests that the interactions of both proteins with
ammonium sulphate are comparable and thus they will gel at similar salt concentrations.
Our results emphasise the large complexity of protein-salt interactions and highlight the
need for further studies to understand better the specific interactions involved to obtain
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the desired structures. In spite of this, to our knowledge, our structures are the first such
decorated networks formed by two functional proteins in their native state. Binary mixtures
of proteins with enzymatic, charge-carrying, antibiotic and light-harvesting abilities can
be designed de novo and finely assembled into micron-sized porous networks through the
methodology developed herein. Moreover, the proteins involved in our decorated networks
do not require compatibility or specificity on their mutual interactions. This is not the case
for example, of immobilised enzymes on peptide hydrogels, where the proteins are fixed in
the gel structure through protein-peptide interactions [29], which in turn limits the nature
of both the proteins and/or peptides to be utilised. Finally our methodology is easy, cheap,
versatile and scalable, and hence, it opens the door for new strategies to produce a novel
class of innovative functional biomaterials.
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Methods
Fluorescent proteins were obtained through bacterial expression, followed by cell sep-
aration, cell lysis, centrifugation, selective purification of the proteins and concentration.
Further protein cationisation was performed to change the negative charge of the native
proteins to a positive one without affecting the protein functionality. Protein gelation was
carried out by adding different amounts of ammonium sulphate, iron chloride and yttrium
chloride. Finally, image analysis was performed to quantify the size of individual protein
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domains within the decorated gel.
Cellular Culture for the Expression of eGFP
Escherichia coli BL21 (DE3) competent (able to receive DNA) cells were previously
transformed with the DNA plasmid-pET45b(+)-eGFP. First, a mini-culture was prepared
by inoculating 100 mL of lysogeny broth (LB) of nutrients and the antibiotic carbenicillin
(50 µg/mL) with E. coli. The culture was left to grow for 16 h at 37◦ C and 180 rpm. 20 mL
of this culture were then used to inoculate 1 L of LB containing carbenicillin (50 µg/mL),
which was left to grow under the same previous conditions. The optical density (OD600nm)
was monitored to a value of 0.5-0.6, when the production of eGFP was induced by adding 1
mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) [30]. After 1 h of induction time, the
temperature was changed to 30◦ C. After 16 h of incubation, the cell culture was centrifuged
at 4500 g for 15 min at 4◦ C. The supernantant obtained was discarded and the pellet
was resuspended in a lysis buffer (20 mM imidazole, 300 mM NaCl and 50 mM potassium
phosphate at pH 8.0) and stored at -20◦ C.
Cellular Culture for the Expression of mCherry
Escherichia coli BL21 (DE3) competent cells were previously transformed with the DNA
plasmid pBADmCherry. A mini-culture was prepared under the same conditions as for the
expression of eGFP. Equally, 20 mL of said culture were used to inoculate 1 L of LB with
50 µg/mL carbenicillin, which was then incubated as before. However, in this case the
OD600nm of the culture was closely monitored until it reached a value between 0.6-0.8, when
mCherry expression was induced by adding arabinose from a 20% stock solution for a final
concentration of 0.2% [31]. The rest of the steps followed are the same as the ones described
above for eGFP.
Purification of Fluorescent Proteins
The purification of both proteins followed the same protocol. Cell pellets were defrosted
check with Ross! and kept on ice, broken down by lysis using 3 sonication cycles of 30 seconds
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(Soniprep 150 plus MSE) and centrifuged at 18000 rpm (Sorvall SS34 rotor) at 4◦ C for 30
min. The supernatant was recovered and filtered through a 0.22 µm syringe filter (Millipore)
and injected to a Ni-NTA agarose column (Qiagen) connected to an A¨KTA start purification
system (GE Healthcare). The column had been previously equilibrated with the lysis buffer
mentioned above in section . After the protein solution addition, the bound fluorescent
proteins were washed with the same lysis buffer to elute unbound proteins. eGFP and
mCherry were later eluted with a linear gradient (0-100%) of a 500 mM imidazole, 300 mM
NaCl, 50 mM potassium phosphate buffer at pH 8. The recovered proteins were dialysed
against dH2O for 16 h using a 10MWCo dialysis membrane. Finally, the proteins were
collected and stored at -20◦ C.
Concentration of Fluorescent Proteins
Dialysed proteins were filtered through 0.22 µm syringe filter (Millipore) and concentrated
by reducing a volume of ∼ 30 ml to ∼1 ml using protein 30 kDa concentrators (ThermoFisher
Scientific) at 5000 rpm and 4◦ C for the time required to reach the desired volume. The
protein concentration was determined by measuring the absorbance at λeGFP = 488 nm and
λmCherry = 587 nm, using molar extinction coefficients values of eGFP = 56000 M
−1cm−1
[32] and mCherry = 72000 M
−1cm−1 [33].
Gelation of Native and Cationised eGFP and mCherry with Yttrium Chloride
Different yttrium chloride (YCl3) concentrations (1, 2, 5, 10, 50 mM) were added from
stock solutions to 30 µL of 7 mg/mL solutions of native and cationised proteins, separately.
The solutions were mixed in a vortex for 5 min and analysed immediately after.
Gelation of eGFP and Native and Cationised mCherry with Ammonium Sulphate
Different amounts of ammonium sulphate, (NH4)2SO4, Sigma Aldrich) were increasingly
added to a 100 µL of 14 mg/mL total mixture of native eGFP and native mCherry to reach
final concentrations from 0.3 to 3 M. Additionally, to test its effect on modified proteins,
(NH4)2SO4 was added to 50 µL of 7 mg/mL solutions of cationised mCherry (see section
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below) for a final concentration of 3 M of the salt. All samples were vortexed for 5 min and
analysed immediately after.
Cationisation of mCherry
Protein cationisation was performed through the addition of a stock solution of hexam-
ethylendiamine (HMDA, Sigma Aldrich) at a pH 6.0-6.5 whose concentration was 10 times
that of the protein solution to 10 mL of a known concentration of native protein solution.
The pH was adjusted to 6.0-6.5 with HCl 1 M. An equal concentration to the protein of
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma Aldrich) was added to the re-
action at two different times: half of the required reagent was added after HMDA and the
remaining half after ∼3h of reaction. The pH was monitored constantly and adjusted to 6.0-
6.5 as required for the first 6 h. The mixture was left stirring at room temperature overnight
(∼18 h). Finally, the solution was filtered through a 0.22 µm syringe filter to remove any
precipitates, dialysed against dH2O for 24 h and concentrated following the procedure in
section . The degree of cationisation was determined using zeta potential measurements
(Zetasizer Nano ZS, Malvern) using 1 mL of 2 mg/mL of native and modified proteins.
Decorated Gel Network Formation of Native and Cationised Proteins with Yttrium
Chloride and Ammonium Sulphate
Firstly, an eGFP gel was formed by adding 5mM YCl3 as described above to a 5 mg/mL
solution of only eGFP. Then (NH4)2SO4 was added and dissolved for a final concentration
of 3 M. Finally, 5 mg/mL of cationised mCherry were added to the solution, mixed for 5 min
and analysed immediately. The final total protein concentration was kept to 10 mg/mL.
Three more samples following this protocol were prepared where the mass ratio of native
eGFP:cationised mCherry was varied to 2:1, 5:1 and 10:1.
Imaging of the protein gels
All samples were confined to capillaries with a square cross-section of of 0.50 x 0.50 mm
(Vitocrom) and sealed on the ends with Norland61. Confocal laser scanning microscopy
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Leica TCS with a white light laser emitting at 500 nm was used to study any gelation, using
a NA 1.4 63x oil immersion objective. The channels used for the proteins were 488 nm for
eGFP and 587 nm for native and cationised mCherry. Scans of the capillary in the z-axis
were also acquired to analyse the gel structures in 3d, where care was taken to assure the
pixel size was equal in all axes (100 nm/pixel).
Analysis of the Mixing and Domain Sizes of Native eGFP and Cationised mCherry
in the Gel Bi-networks
Confocal optical slices of the obtained gels were analysed individually to measure the
percentage of mixing and de-mixing of the gels, along with the sizes of de-mixed domains.
Care was taken to obtain images with the same sizes and the intensities of the images was
normalised for all of them. Then, the pixels were classified according to their intensities as
yellow (mixed proteins), green (eGFP) and red (cationised mCherry). Different intensity
thresholds were tested to optimise the results. The percentage of each colour was obtained
to study the mixing of the proteins. Additionally, the areas of the identified regions of
individual proteins (de-mixed domains) were measured by counting the number of pixels on
said domains, which were then converted to µm2 using the pixel size. Regions with sizes
below 10 pixels, which corresponded to 1% of the total size of the image, were discarded.
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